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ABSTRACT Recently, several important advances in techniques T T

for the separation of single-walled carbon nanotubes (SWNTs) by High Affinity - 0 e ]
chiral index have been developed. These new methods allow for the g& %E’ 200 1
separation of SWNTs through selective adsorption and desorption of ;}% o' — A
different (n,m) chiral indices to and from a specific hydrogel. Our v S0l —(®4) —(102)
group has previously developed a kinetic model for the chiral elution 1000l :((32 :((Z?) ]
order of separation; however, the underlying mechanism that allows 0 1 2 3

. . . . Distance (nm
for this separation remains unknown. In this work, we develop a (nm)

quantitative theory that provides the first mechanistic insights for the separation order and binding kinetics of each SWNT chirality (n,m) based on the
surfactant-induced, linear charge density, which we find ranges from 0.41 e /nm for (7,3) SWNTs in 17 mM sodium dodecyl sulfate (SDS) to 3.32 e /nm for
(6,5) SWNTs in 105 mM SDS. Adsorption onto the hydrogel support is balanced by short-distance hard-surface and long-distance electrostatic repulsive
SWNT/substrate forces, the latter of which we postulate is strongly dependent on surfactant concentration and ultimately leads to gel-based single-chirality
semiconducting SWNT separation. These molecular-scale properties are derived using bulk-phase, forward adsorption rate constants for each SWNT chirality in
accordance with our previously published model. The theory developed here quantitatively describes the experimental elution profiles of 15 unique SWNT chiralities
as a function of anionic surfactant concentration between 17 and 105 mM, as well as phenomenological observations of the impact of varying preparatory
conditions such as extent of ultrasonication and ultracentrifugation. We find that SWNT elution order and separation efficiency are primarily driven by the
morphological change of SDS surfactant wrapping on the surface of the nanotube, mediated by SWNT chirality and the ionic strength of the surrounding medium.
This work provides a foundational understanding for high-purity, preparative-scale separation of as-produced SWNT mixtures into isolated, single-chirality fractions.
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exhibit extraordinary mechanical, ther-

mal, electronic, and optical properties
that have found applications in biological
sensing," optoelectronics,>~'° and materi-
als development.”' "3 Recent developments
by the groups of Kataura and Kappes en-
abling separation of preparative quantities of
semiconducting SWNTs based on their chiral
wrapping vector (n,m)'* 23 have furthered
investigations into the effects of chiral inho-
mogeneity on photovoltaic>®®?*  and
biosensor®® performance. Pioneered by the
use of a commercially available amide-func-
tionalized dextran hydropolymer (Sephacryl
$200)%% as a separation medium and the
further discovery of single-surfactant (sodium
dodecyl sulfate, SDS) interaction conditions
that yield single-chirality separation,®® we have

S ingle-walled carbon nanotubes (SWNTs)
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quantitatively described gel-based SWNT
separation as a second-order forward reac-
tion with chirality-dependent kinetic rate
constants?’ However, the mechanism by
which varying SDS concentration affects the
selective adsorption/desorption of SWNT to
Sephacryl, which ultimately enables separation
of single-chirality SWNTs, remains unknown.
The fundamental SWNT—SDS—Sephacryl in-
teractions®>**? need to be better understood
in order to further advance single-chirality
SWNT separation. Kataura and co-workers
have recently provided qualitative demonstra-
tions that temperature affects the chiralities
that can be separated via a change in the SDS
state;”® more recently they proposed a quali-
tative model of how SDS morphology affects
the relative affinity of metal versus semi-
conducting carbon nanotubes when separated
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using a gel.?® Additionally, Hennrich and co-workers
offered an experimental description of the effects of
pH and 1-dodecanol on gel-based SWNT separation.°
Finally, work by Schapter and colleagues observed ex-
perimentally that SDS changes the resultant separation.®’
While these experimental demonstrations reveal the
importance of SDS and SDS concentration, a specific
description of the role that the surfactant plays for single-
chirality semiconducting carbon nanotube separation is
as yet unclear. In this work, we develop the first quanti-
tative theory of this adsorptive separation, which de-
scribes the elution order, adsorption kinetics, and
surfactant and ionic strength dependences observed
experimentally. By relating phenotypical variables of
SWNT separation under a single model, we demonstrate
and provide novel insight into the molecular-scale inter-
actions that control separation. We introduce a new
parameter, &, ,, defined as the chirality- and surfactant
concentration-dependent effective charge density asso-
ciated with SDS-wrapped SWNTs, which ultimately deter-
mines the efficiency, diameter range, and purity of single-
chirality SWNT separation. This charge density is physically
due to the incomplete cationic association of Na* with
the SWNT association dodecylsulfate anion, a phenom-
enon demonstrated previously in SDS micelles>

This work is distinguished from previous contri-
butions that have been informative but largely
qualitative.® 3133735 Our group was the first to pro-
vide a quantitative analysis of the separation process,
reporting the binding rate constants for semiconduct-
ing SWNTs with Sephacryl gel at 70 mM SDS con-
centration?” and showing that the elution profiles and
selectivity were well described by a second-order
irreversible adsorption mechanism. However, the
molecular-scale origin of these forward rate constants
and their dependence on SWNT chirality remained
unaddressed.>® Here, we expand upon our previous
forward binding rate model®’ to provide a molecular-
scale picture of the separation procedure, as validated
experimentally through perturbation of surfactant
concentration. Furthermore, some of the experimental
steps proposed to achieve SWNT separation, such as
the need to expose bulk-synthesized SWNT materials
to harsh ultrasonication for 20 h, lack a clear explana-
tion. Understanding the role of these procedures and
how they ultimately affect the resultant separation is
important to further optimize this process.

Some insight into the relationship between surfactant
and SWNT optical and physical properties has already
been achieved?**”~*2 Further, it has been previously
demonstrated that surfactant-enabled colloidal suspen-
sions of individualized SWNT retain a per-SWNT charge,
which can be used to predict relative material stability.**
The choice of optimal surfactant for SWNT separation has
also been the subject of investigation, and of the many
types screened, SDS was shown to be paramount in its
ability to separate metallic from semiconducting SWNTs®
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In this article, we first outline the quantitative
molecular-scale model, which empirically describes
the surfactant-mediated binding of SWNT to Sephacryl
gel. We then report observations made when perturb-
ing the standard experimental procedure with regard
to both the SWNT suspension and the surfactant
medium and relate these observations to the model
developed herein. The methods section describes the
standard experimental procedure used to achieve
monosurfactant single-chirality SWNT separation.?%?’
Understanding this separation process in a compre-
hensive way enables the engineered design of more
efficient and specifically tailored SWNT separation
procedures for broader application of SWNTs in semi-
conductor, biosensor, and other applications.

MODEL FORMULATION

To model the interaction involving the SDS-mediated
adsorption and desorption of SWNTs to and from a
Sephacryl binding site, it is important to consider the
physical properties of all three materials involved in
these events, depicted geometrically in Figure 1A. The
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Figure 1. (A) Graphical representation of SDS-wrapped
SWNT and the parameters that are important to its interac-
tion with the gel, displayed here as a sphere. (B) Chirality-
dependent energy profile as a function of SWNT—Sephacryl
surface separation distance in the presence of 70 mM SDS.
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binding of a semiconducting SWNT to a Sephacryl site
can be generally described in terms of the total system
energy V(d) as a function of the distance between the
Sephacryl and SWNT surfaces, d. Here, we estimate this
energy as the sum of three unique distance-dependent
contributions: van der Waals attractive (Vyander waals)s
electrostatic repulsive (Vejectrostatic), and hard-surface
repulsive (Vhard surface) fOrces.

V(d) = VvanderWaals (d) - Velectrostatic (d) - Vhard sphere (d)
(1M

The attractive energy between SWNT and a Sephacryl
binding site is modeled to first-order by the van der
Waals interaction between an anisotropic planar sur-
face and a SWNT of radius rswn, as described pre-
viously by Rajter et al** and utilized to describe the
interactions of type-purified SWNTs with both quartz
and polymer substrates.*®

VvanderWaaIs(d) = |: M<EHN> (*)

24d32 \2 1+ efd —do

6(d-+rsunt)*\2 1+efd —d) ] |
2

where Hy and Hg are the Hamaker coefficients in the near
and far limit of SWNT—plane separation, respectively, and
B and d, are blending terms accounting for the transition
between short- and long-range interactions.**

Electrostatically, we assign a repulsive force which
arises from the common anionic charge shared by the
amide binding site on Sephacryl 200 and the SWNT.*?
The radially dependent interaction between a plane of
uniform charge density (0sgpy) and a plane of uniform
charge density wrapped into a cylinder (oswnt) of
radius rswnt and length /, both surrounded by a liquid
with dielectric permittivity ¢ and Debye length «, has
been solved by Oshima et al.*¢

£gok

2
o Ko(kr: A o _
><< swnT Ko SWNT)e Kd+< SEPH) o 2d

o
Velectrostatic (d) = €€0+v/TK Fswnt (2 \/z (ﬂ)

eeok Ky (Krswr) eeok

n (OSWNT Ko(/(fSWNT))2 o [ TwNT 2 ),
egok Ky (Krswnr) rswnt +d
?3)

where g, is the vacuum permittivity and K, is the
modified Bessel function of the nth kind.

The assumption of an interaction with the amide
group is not central to the theory developed here, as
the system is equilibrated in SDS; thus it may be the
case that ionized SDS molecules on the gel provide the
repulsive force. This would be similar to the commonly
implemented SDS-PAGE technique, where SDS is
used in order to stabilize proteins against aggregation
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through the introduction of a charged surfactant. This
does not, however, explain the preferential selectivity
of SWNT onto Sephacryl, as opposed to other gels.
Previously, amide groups have been shown to have an
adsorption affinity for semiconducting SWNTs.*” To
further verify the specific functionality of Sephacryl
allowing for SWNT separation, we added each of the
two Sephacryl hydrogel precursor molecules, dextran
and methyl bisacrylamide (MBA), to a 35 mM SDS
suspension of (6,5) SWNT. We noted that for an addi-
tion of up to 100 mM dextran, there is no significant
change in the absorption spectrum; however upon
addition of 100 mM MBA, there was a ~10 nm red-shift
in the spectrum (Figure S2). This was true in both the
presence (Figure S2,A and B) and absence (Figure S2,C
and D) of the dextran, showing a direct interaction of
the SWNT with the MBA and supporting our supposi-
tion that the amide functionality of Sephacryl is re-
sponsible for SWNT adsorption.

Finally, the hard-surface repulsion between a Sephacryl
binding site and a semiconducting SWNT can be
described by*#4°

A

o (4)

Vhardsphere(d) =
where A is the hard-surface coefficient.

Given these contributions to eq 1, it is possible to
consider the total system energy as a function of
SWNT—Sephacryl separation distance d for a variety
of relevant semiconducting SWNT chiralities. As, an
example, the (6,5) chirality has a radius rsynt =
0.379 nm, using parameters gswnt = 1 e /nm?,
Osepn = 0.1 e /nm?, ¢ = 80, k = 0.87 nm (equivalent
to 70 mM SDS), I = 10 nm (estimated SWNT length per
Sephacryl binding site), Hy = 481 meV, Hg = 538 meV,
B =0.151r,=04nm,and A =24 x 10" "> meV nm'?,
the contribution of Vvan der Waalss Velectrostaticr and
Vhard sphere tO the total V(d) is depicted in Figure S8. A
detailed discussion regarding the choice of specific
parameters and the equations governing such are
provided in the Supporting Information. This discus-
sion includes sensitivity analyses for each unknown
parameter, the data for which are included in
Figures S3—-57.

As noted in Figure 1B, the total energy profiles are
dominated by hard-surface repulsion at small dis-
tances (d < 2 A), by van der Waals attraction at
intermediate distances (2 A < d < 4 A), and by electro-
static repulsion at long distances (4 A, < d < 3 nm);
thermal energy dominates at distances greater than
~3 nm. Note that hard-surface repulsion balances van
der Waals attraction to produce a Lennard-Jones-like
potential well, the bottom of which represents the
surface—surface separation distance between a bound
SWNT—Sephacryl pair, dpoung- Here, we do not account
for an SDS layer between the nanotube and the
Sephacryl in the bound state because the morphology
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of SDS is known to be dynamic,>” and a rigid-layer-like
picture is likely inaccurate. We also note that the exact
energy of the bound state predicted by eq 1 is an
approximation, where a more complete picture of
bound state energetics would necessarily include ad-
ditional solvent effects such as water excluded by the
bound SWNT, as well as the amide—SWNT interaction
energy. However, there is no evidence for a semicon-
ducting SWNT chiral dependence in these energies,
and we find here that the electrostatic repulsion term is
the most salient for determining chiral selectivity.
Nevertheless, there is an opportunity to perform a
more detailed ab initio calculation to fully understand
this system, which is outside the scope of this work.
To model the rate at which semiconducting SWNTs
bind to Sephacryl sites, we consider the total distance-
dependent interaction profile for a given SWNT chirality
(such as presented in Figure 1B) that governs the ener-
getics of a binding event traversing from d = o, over the
energetic barrier within the electrostatic repulsion-domi-
nated region, and arriving at d = dpoung. Defining such a
binding event as a collision, the rate constant associated
with a particle traversing the energy profile V(d) from d =

t0 d = dpouna developed by Fuchs®*>° is given by
4D
7eV(d) kBTdd
‘/dbourvd dz

where kg is the Boltzmann constant, T is absolute tem-
perature, and D is the diffusion coefficient, determined
using an adapted Einstein—Smoluchowski relation for a
cylinder (SWNT)*" in turbulent flow around a sphere
(Sephacryl bead):>?

In {Zr } +0.58
D = ksT SWNT

S 2+ 5.2/°5"/*(0.4Re"/? +0.06Re?/?))
J

(6)

Here, 77 is the dynamic viscosity of water, L is the length of
the SWNT, and Sc and Re are the dimensionless Schmidt
and Reynolds numbers, respectively.

Using the energy profile for the (6,5) chirality de-
picted in Figure 1B, eqs 5 and 6, and values of L =
300 nm, T=298K,7=1.0 x 10 > Pa-s,Sc=1.1 x 10°,
and Re = 2.5 x 10°, a reaction rate constant of 1.3 x
10°° M~ " s is calculated (see the Supporting Infor-
mation for detailed calculation of Sc and Re). Interest-
ingly, this binding rate constant is within an order of
magnitude when compared with the ks published
previously, obtained with an irreversible site-limited
batch reactor model to describe Sephacryl-based se-
paration of single-chirality (6,5) SWNT from a multi-
chirality solution in 70 mM SDS.*” To reconcile these
two models, we consider the charge associated with
the SWNT, ogswnt, Which is a consequence of the
incomplete association of Na™ counterions with the
SDS micelle surrounding the SWNT.3? By altering the
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associated charge from ogwnt = 1 €/nm? to Oswnt =
0.94 e/nm? and keeping all other parameters identical,
one obtains an energy profile for the (6,5) SWNT
associated with the experimentally determined sec-
ond-order binding rate constant. This profile is inte-
grated over distance using eq 6 to yield a reaction rate
constant of kgs) = 6.4 x 1072 M~' s, a value that is
nearly equivalent to that reported earlier for (6,5) SWNT
binding to Sephacryl in 70 mM SDS.% Similarly, other
chiralities' charge densities were adjusted to accurately fit
the rate constants at 70 mM SDS adsorption, giving the
energy profiles depicted in Figure 1B. It is important to
note that throughout this work we assume an average
SWNT length of L = 300 nm for all chiralities. Average
length for the (6,5) chirality separated by this same
methodology was determined experimentally using
AFM, the relatively short length of which is likely due to
prolonged ultrasonication.>® The sorting of SWNT by
length remains an active and important area of research,
and while the effects of SWNT length on surfactant-
mediated gel separation are of potential importance to
this methodology, such are beyond the scope of this work.

This study investigates the effects of SDS concentra-
tion on the process of SWNT adsorbing to Sephacryl
binding sites. Specifically, the model developed here is
used as a guide to understand the experimental ob-
servations presented in the following sections. While a
complete understanding of the molecular dynamics
governing these processes remains speculative, gen-
eral agreement between our developed model and
experimental results is demonstrated based on work
by others regarding the morphology and charge state
of SDS-wrapped SWNTs,3”~** as well as previous zeta
potential measurements of SDS-wrapped SWNTs.** We
use the theory developed above to quantitatively
predict the experimental adsorption kinetics of the
separation process. Our findings both contribute to
the basic understanding of the SDS-SWNT structure
and inform ways to further improve and manipulate
gel-based SWNT separation.

RESULTS AND DISCUSSION

The model formulated above provides a basis for the
development of a molecular level mechanism describ-
ing gel-based SWNT separation, as guided by the
experimental observations presented in the remainder
of this work. Specifically, we quantitatively outline the
effects of perturbing SWNT solution starting material
(by varying the duration of both ultrasonication and
ultracentrifugation) and SDS surfactant concentration
on the resulting single-chirality semiconducting SWNT
separation. Empirical results of each perturbation are
compared with model predictions, providing mechan-
istic insights into the separation process.

Effect of Surfactant Concentration on SWNT Adsorption to
Sephacryl. The effect of SDS concentration on surfactant
morphology around SWNTs has been the subject of
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Figure 2. (A) Offset absorbance spectra of the eluted SWNT from various starting SDS concentrations, showing that as the SDS
concentration is increased the distribution and number of SWNTSs that bind are reduced. (B) Total SWNT per column for each
SDS concentration showing generally that at lower SDS concentrations there is a lower SWNT adsorption. (C) Bar graph
showing the total number of separated SWNTs per chirality for each SDS concentration. Note that the number of SWNTs
separated is highly dependent on SDS concentration, as predicted.

various studies. For example, the morphology of the
SDS layer on a semiconducting SWNT is known to be
affected strongly by both SDS concentration and solu-
tion ionic strength.?”? Further, it has been shown that
the morphology of SDS on metallic SWNT is relatively
static versus SDS concentration and is expected to have
a saturated (maximum limit of SDS associated with the
SWNT surface) structure, even at low concentrations.>”
Even more significant is the prediction that different
semiconducting SWNT chiralities have different
concentrations at which the surfactant structure
saturates.®” Further, the SDS concentration dependent
surfactant morphology, which is unique for semiconduct-
ing versus metallic SWNTs and for different chiralities
within the semiconducting SWNT family, is believed to be
the underlying phenomenon responsible for SWNT se-
paration using density gradient ultracentrifugation,
where the buoyant density of SWNT is highly dependent
on surfactant packing.'839>*

Similarly, we find here that the surfactant concen-
trations, and presumably the surfactant structure, play
a central role in the selectivity of a gel to bind various

JAIN ET AL.

chiralities of SWNTs. To demonstrate this effect, we
prepared SWNT suspensions in the presence of 17, 35,
70, and 105 mM SDS, each of which was ultrasonicated
for 20 h at 20 W and ultracentrifuged at 1870009 for 4 h.
Each sample was then used as the starting material for
an eight-column gel-based separation. In each case,
the Sephacryl gel and subsequent rinse steps were
equilibrated to the same SDS concentration as the
SWNT solution. For each column of each SDS concen-
tration, 175 mM SDS was used to elute the bound
SWNT from the gel. The absorbance spectra of eluted
samples from this process are shown in Figure 2A,
while quantitative analyses of these spectra presented
using background-subtracted Lorentzian line shape
fitting are shown in Figure 2B and C.

In this analysis, we note that when separated from
solutions of lower SDS concentration, the number of
SWNTs (Figure 2B), distribution of chiralities that are
adsorbed within each column, and the total number of
separable chiralities all increase (Figure 2C). For exam-
ple, in the 17 and 35 mM SDS separations, we observe
the additional presence of larger diameter SWNTSs,
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TABLE1. List of All Binding Rate Constants, k,, ,,,, Determined Here Using the Model Outlined in Ref 27 along with per Unit-
Length Charge £ (e"/nm) Associated with All SWNT Chiralities Identified Here, Using the Model Outlined in the Model
Section above and eq 7, under Four Different SDS Surfactant Concentrations®

18 mM SDS 35 mM SDS
(n,m) Ko My "'s7) £ (e /nm) ko My~ s7Y) £ (e /nm)
(73) 28 x107° 041 18 % 10°° 0.86
(6,4) 27x10°¢ 041 27x10°¢ 0.79
(6,5) 11x10°¢ 051 67 x 1077 1.00
9,1) 14 % 10°° 048 18 % 1077 1.16
(7,5) 45 % 1077 0.60 15 %1077 1.19
83) 11x10°¢ 0.51 33x 1077 1.09
(84) 38 x 1077 0.62 17 %1077 118
(7,6) 19 % 1077 0.68 12x 1077 1.3
9,2) 37 %1077 0.62 12x 1077 122
(8,6) 11x 1077 0.73 1.0 x 1077 127
(9,4) 27 %1077 0.65 12x 1077 124
(10,2) 12x 1077 0.73 95 % 107% 126
(9,5) 17x 1077 0.69 98 % 107% 127
®8,7) 18 x 1077 0.69 96 % 107° 129
(12) 49 % 1078 0.81 32%107° 163

70 mM SDS 105 mM SDS

Ko My "'s7Y) £ (e /nm) Ko My~ "s7Y) & (e /nm)
17%x10°° 147

29 % 1077 174 16 x 107° 2.85
64 % 107° 13 24x 107" 332
15%x 107" 282

22x107° 235

16x 107" 283

6.6 x 107" 295

“Note that values for k,,, and & (e~/nm) not listed here at 70 and 105 mM are absent because corresponding SWNT chiralities were not separated at the time scale under

investigation here.

such as the (8,7) and (12,1) chiralities. However, these
species are not separated from solutions of higher SDS
concentration: at 105 mM SDS only the (6,4) and (6,5)
chiralities are separated. Hence, there is a large dis-
crepancy in which SWNT chiralities are separable based
on the SDS concentration of the SWNT suspension. This
finding implies the presence of a chirality-dependent
strength of SWNT—Sephacryl affinity, to the extent that
there exists a maximum SDS concentration for the
separability of each SWNT chirality on the time scale
of this experiment.

In order to analyze the differences in adsorption at
different SDS concentrations, we use the theory devel-
oped in this work to propose a molecular level picture
of the system in each case. As described above, this
analysis begins by fitting the absorption spectra of a
multicolumn separation to quantify the presence of
each chirality within each column of separation, as
described previously?” and shown for this work in
Figure S9. Such quantities are then subject to a second-
order forward reaction binding model®’ to yield bind-
ing rate constants, k,n,(SDS), between a Sephacryl
gel binding site and each experimentally extracted
chirality, which we explicitly write here as being SDS
concentration dependent. The chirality and SDS
concentration dependent binding rate constants for
the four SDS concentrations under investigation are
listed in Table 1, where we note that rate constants
calculated at 70 mM SDS are nearly identical to our
previous study conducted under these conditions,
where surfactant concentration was not explored.?’

As an example, we show the best fits of this analysis
(lines) in direct comparison with experimental elution
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quantities (solid squares) for the separation performed
in 17 mM SDS, Figure 3A; those for the other three
surfactant concentrations are shown in Figure S9. From
the calculated chirality and SDS concentration depen-
dent adsorption rate constants, we apply the model
developed earlier in this work, whereby the SWNT
surface charge density is the primary variable govern-
ing the height of the barrier that the system must cross
to undergo a binding event. The energy barrier dictates
the rate at which each SWNT chirality adsorbs to the gel
and, therefore, the chirality composition of each col-
umn. Because this barrier height is physically corre-
lated with the electrostatic repulsion between the like-
charged amide binding site and surfactant-surrounded
SWNT, a relatively larger SWNT charge density corre-
sponds to a relatively higher activation barrier for the
binding event.

In order to relate experimentally derived binding
rate constants with molecular-scale dynamics, we
matched the modeled binding rate constant (from
eq 5) with that predicted by our second-order selective
binding analysis using a best-fit analysis, assigning
SWNT surface charge density as the only free para-
meter. To relate the fitted SWNT surface charge density,
Oswnt (€7 /nm?), to a more geometrically clear chirality-
independent parameter, we define here SWNT effec-
tive linear charge density, &, ,, (e~ /nm), outlined by the
following relationship:

Enm = 27rSWNTOSWNT 7)

This analysis demonstrates that by assuming a chirality
and SDS concentration dependent charge on each
semiconducting SWNT, which are in turn derived from
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Figure 3. (A) Panels showcasing the fit of a kinetic model to the elution of each chirality for the 17 mM SDS solution elution
profile. Solid squares are experimental data, and lines are theoretical fits. (B) Parity plot comparing the number of tubes
adsorbed based on our theory vs the measured eluted SWNT. (C) Energy profiles of each chirality of SWNT for the 17 mM
adsorption as modeled to fit the elution data. (D) Charge density for each SWNT as a function of the SDS concentration in

which it is equilibrated.

the incomplete cationic association of Na™ with the
SWNT-associated SDS anion, it is possible to describe
the single-chirality gel-based SWNT separation in
terms of molecular-scale interactions. A summary par-
ity plot comparing the number of tubes adsorbed
based on our theory versus the measured eluted SWNT
shows excellent agreement (Figure 3B). The chirality-
dependent system energy as a function of SWNT—
Sephacryl separation distance for all 15 chiralities
separated from a SWNT solution in 177 mM SDS is
shown in Figure 3C, while the chirality and SDS con-
centration dependent SWNT charge density for all four
SDS concentrations investigated is shown graphically
in Figure 3D and listed numerically in Table 1.

In order to compare the results listed in Table 1 with
previous experimental findings, we translated the
charge densities listed here at 35 mM SDS to equiva-
lent zeta potentials, using Debye—Huckel theory for a
cylinder’®> and assuming that the zeta potential is
equivalent to the surface potential. Using this method,
zeta potentials of between 30 and 60 mV are predicted
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from our SWNT surface charges, which range from
0.86 to 1.63 e~ /nm in 35 mM SDS. These potentials fall
within the range of previously published experimental
zeta potential measurements by others of 35 mM SDS
wrapped SWNTs (mean of 80 mV),** where chiral
inhomogeneity could be responsible for the breadth
of the zeta potential measurement (£20 mV). The
excellent agreement between our calculated charge
density value and experimentally validated values
provides further evidence for the validity of charge
densities calculated using this theory and the assign-
ment of such charges as the underlying factor afford-
ing single-chirality SWNT separation.

As can be seen in Figure 3D, the surface charge
density of each SWNT chirality is predicted to increase
in a chirality-dependent manner with increasing SDS
surfactant concentration. Also, we note the presence of
a chirality-dependent charge density at which the
energy barrier height associated with a binding event
becomes sufficiently large as to prevent the binding of
that species on the time scale utilized here. This charge
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density, which we define as resulting in an effective
binding rate constant of 10" "> M~" s~ or lower, occurs
at approximately 3.5 e”/nm or greater and varies
slightly depending on chirality. We postulate that at
surfactant concentrations above this point SDS under-
goes a morphological transition and the surfactant
wrapping around a given SWNT becomes effectively
saturated, preventing the SWNT surface from interact-
ing with the Sephacryl binding site on the time scale of
this experiment and therefore limiting the number of
separable chiralities (particularly those of large diameter)
at SDS concentrations of =70 mM.

We use the above analysis to understand the
influence of the change in SWNT charge state in the
context of gel-based single-chirality semiconducting
SWNT separation. We hypothesize that at low SDS
concentrations, where a large quantity and distribution
of SWNTs adsorb to the Sephacryl gel, there exist only
minor differences in the SDS morphology around those
SWNT species, leading to similar chirality-dependent
surface charge densities, similar binding affinities, and
low per-column selectivity. Specifically, at relatively
low SDS concentration we expect that the SDS is less
densely packed around the nanotube, which spatially
allows the system to accommodate more Na™ coun-
terions. The increased cation concentration effectively
negates the charge imbalance associated with the
SWNT-—surfactant complex and reduces the relative
difference in electrostatic repulsive forces between
different SWNT chiralities. The resultant low chiral
selectivity can be seen in Figure 2A, 177 mM SDS.

As the SDS concentration is increased from 17 mM
to 105 mM, we expect that the chirality dependency in
counterion association becomes more pronounced.
There are two important aspects to this predicted
change: (1) that the charge increases for all semicon-
ducting SWNT chiralities and (2) that this increase is
chirality dependent. We hypothesize that each SWNT
chirality displays different SDS packing morphologies
dependent on surrounding SDS concentration and
predict that chiralities not separated at larger SDS
concentration are limited by SDS morphology satura-
tion at that concentration. The resultant separation is
highly chirally selective, but unable to separate large-
diameter SWNTs (Figure 2A, 105 mM).

To further understand the mechanism of the
change in SDS morphology via concentration, we
increased the counterion concentration by performing
two simultaneous separations, one in which the SWNTs
were eluted with 105 mM SDS and the other with
105 mM Nadl. In this experiment, all other conditions
were held constant as described in the Methods sec-
tion. The elution profiles of these were very similar
(Figure S10), showing that the ionic strength of the
solution has a direct effect on the morphology of the
SDS, independent of SDS concentration. It is important
to note that prior to elution the system still has SDS
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present in the gel, which is what allows the morphol-
ogy change despite not adding the higher concentra-
tion SDS. To ensure that this is the case, we further
controlled the experiment by running a simultaneous
experiment where we first attempted to elute with
water, clearing the gel of all SDS. We then attempted to
elute with just 105 mM NaCl and finally after that with
5% SDS. In neither the water nor NaCl elutions did we
observe any SWNT elute, and upon addition of SDS,
some SWNT do elute, though not as much likely due to
the increased binding between the SWNT and Sepha-
cryl upon removal of the SDS completely (Figure S10).
This observation provides further evidence for the
molecular picture of a morphology-induced electro-
static change leading to the chiral separation. The
influence of NaCl on SDS-wrapped nanotubes has
been observed optically in previous studies, where
SDS morphology was assumed to be the driver of the
observed change*” Recent work by Hennrich and co-
workers also shows that the charge of the system around
the SWNT greatly affects the SDS morphology, such that
the introduction of just 5 uM 1-dodecanol to the SWNT
prevents it from binding to the Sephacryl gel completely. >
The experiment presented in this work supports work by
others demonstrating the dynamic nature of SDS mor-
phology on SWNTs, which is significant to our under-
standing of the Sephacryl gel-based separation.

This mechanism can also be used to explain why
metallic SWNTs do not adsorb to the gel, an observa-
tion made in the foundational studies using gels to
separate SWNTs.?® Because the SDS morphology sa-
turation has been shown to occur in metallic SWNTs at
even lower surfactant concentrations,®” the activation
barrier for metallic SWNT binding with Sephacryl gel is
too high for the SWNTSs to have an affinity for the gel.
Further investigations, likely using chirality-dependent
SWNT simulations at the molecular scale, are necessary
to verify our postulation of chirality- and concentra-
tion-dependent morphology of the SWNT—surfactant
complex. The prediction of such a phenomenon using
ab initio calculations would allow for more precise
modeling of SWNT separation and inform the mechan-
ism behind both gel-based and density gradient nano-
tube separation techniques.

Varying Ultrasonication Duration. As specified in the
Methods section, the bulk SWNT solution from which
single-chirality material is separated is prepared by
weighing out (100 mg) solid SWNT starting material
and suspending it in an aqueous SDS surfactant solu-
tion via 1/2 in. tip ultrasonication at 20 W. While the
standard procedure for this preparation calls for 20 h of
ultrasonication, important insight into the separation
mechanism is gained through systematically varying
ultrasonication duration and keeping all other separa-
tion conditions constant (2 h ultracentrifugation at
187000g, 70 mM SDS). The absorbance profiles of
ultracentrifuged samples sonicated for 1—18 h are
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Figure 4. (A) Offset absorbance spectra of the SWNTs immediately before separation for various sonication times. (B) Radial
breathing mode (RBM) section of the Raman spectra for three specific effective sonication times here shown as 15, 450, and
850 min. (C) Peak heights of the RBM peaks of various SWNT chiralities, normalized to the G-peak height, as a function of
sonication time, showing a clear evolution of relative heights with time. (D) Offset absorbance spectra of the separations
carried out on SWNT that were sonicated for 3 and 18 h, showing differences in separation based on sonication time. (F)
Energy profiles for a bundle of (6,5) SWNT compared to that of an individual (6,5) SWNT.

shown in Figure 4A. With increasing sonication time,
the E;, peaks in the nIR region of the spectrum become
more distinct, while the background absorbance de-
creases, indicating that the ratio of individually dispersed
SWNTs to other carbon materials (including SWNT
bundles) increases with prolonged ultrasonication.>®

In addition, we use Raman spectroscopy to track the
evolution of peaks located in the radial breathing
mode (RBM) region (150—350 cm™") with increasing
sonication time; each spectrum is normalized to the
height of the G peak (~1590 cm™ '), Figure 4B. The
noted Raman RBM peaks, each of which corresponds to
a unique SWNT chirality, change in height over the
course of the 18 h sonication procedure and can be
used to track and assess the relative sonication state of
a colloidal SWNT suspension, Figure 4C. The origin for
the evolution of the SWNT RBM spectrum during
ultrasonication is assigned to SWNT debundling, or
an overall increase in the number of individual SWNT
in the dispersion, as demonstrated previously by Heller
et al. when using SWNT under varying bundling
conditions.>® Continued evolution of relative RBM peak
heights over the course of an 18 h sonication further
exemplifies the necessity of relatively long sonication
periods to more completely debundle SWNTs.

Following ultrasonication (1—18 h) and subsequent
ultracentrifugation, each SWNT starting material was
subject to the aforementioned separation procedure.

JAIN ET AL.

The per-column elutions of the two extreme cases, 3
and 18 h, are shown in Figure 4D, while intermediate
times are presented in Figure S11. As the sonication
time is increased, the separation changes from several
chiralities in each column with fewer numbers of a
given chirality to highly pure single chiralities with
each chirality's total number increasing.

This observation is consistent with the assumption
that increasing duration of the ultrasonication step
prior to SWNT separation results in the individualiza-
tion of more SWNT from their as-received bundled
state. At short sonication time (Figure 4D, 3 h sonication)
only a small fraction of each chirality has been de-
bundled, and relatively less amorphous carbon frag-
ments have been generated,”” which translates to a
separation whereby an overabundance of binding sites
in the first several columns are occupied by nonspecific-
chirality SWNT, and little SWNT content is separated
from later columns. In contrast, at long sonication time
(Figure 4D, 18 h sonication) a larger fraction of each
chirality has been debundled, and significantly more
amorphous carbon fragments have been generated,
resulting in domination of the first several columns by
amorphous carbon fragments (which have been shown
to have binding constants to Sephacryl gel much great-
er than semiconducting SWNTs*” which do not show
spectroscopic signatures) and highly pure semiconduct-
ing SWNT content in later columns.
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Figure 5. (A) Absorbance spectra of the SWNT immediately before separation for various sonication times. (B) The peak
height per column of the (6,5) SWNT for the different centrifugation times, showing very small differences in quantity and
almost no difference in separation trend. (C) Absorbance spectra of column 3 for the three different centrifugation times,
showing large baseline differences. (D) Photographs of the elutions from the three different centrifugation times, showing
that a lower baseline leads to color differentiation as chirality distribution changes.

This description of bundle-driven selective separa-
tion presumes that only single-chirality SWNTSs bind to
Sephacryl gel, an assertion suggested by others?®?’
without offering a mechanistic picture. To understand
the origins of this phenomenon quantitatively, we
apply the theory developed in this work to calculate
the system energy as a function of SWNT—Sephacryl
separation distance for a SWNT bundle of seven like-
chirality SWNTs, Figure 4E. Assuming that a bundle of
seven SWNTs can be effectively modeled as a single
SWNT with three times the diameter and identical
surface charge density, SWNT bundling results in a
predicted interaction potential with a significantly
larger barrier height, which effectively prevents the
binding of a relatively small seven-SWNT bundle to a
Sephacryl gel binding site. This explains and demon-
strates the importance of the ultrasonication step,
where atypically long sonication times (~20 h) are
necessary to improve the selectivity and yield of the
separation process.

It is important to note that along with bundle
dynamics prolonged sonication is also known to result
in nanotube cutting,>® which has been shown to both
reduce and narrow the length distribution of solution-
phase SWNTs.”” Experimentally, it remains unclear
how to deconvolute SWNT cutting from SWNT bundle
reduction in terms of solution-phase Sephacryl gel
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interactions, as the generation of solution-phase
SWNTs requires unltrasonication, which necessarily
both cuts and debundles SWNTs. While all observa-
tions and analysis here are consistent with a change in
bundling state, and not a change in length distribution,
as the predominant mechanism for ultrasonication
effect on semiconducting SWNT separation, methodo-
logical progress in SWNT length sorting is necessary to
more fully understand its effect on this process and
could serve as a valuable extension to the model and
work presented here.

Varying Ultracentrifugation Duration. Following ultraso-
nication, SWNT suspensions are typically subjected to
ultracentrifugation and retention of only the top frac-
tion, with the ultimate intent of increasing the ratio of
individually suspended SWNTs in the solution. To
investigate the effects of this practice on the outcome
of a single-chirality SWNT separation, we sonicated
three SWNT solutions for 20 h each at 20 W and
ultracentrifuged the samples at 187000g for 15 min,
2 h, and 4 h, respectively. The absorbance spectra of
these samples show a reducing baseline with increas-
ing centrifugation time, Figure 5A, as is consistent with
the expectation that ultracentrifugation can effectively
separate individually dispersed SWNTs from the rest
of the carbonaceous materials, which are known to
have a relatively featureless, sloping baseline.”® It is
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important to note that, in addition to removing SWNT
bundles and carbonacious impurities from the solu-
tion, prolonged ultracentrifugation also effectively re-
duces the total SWNT content—or overall SWNT
concentration—of the solution that is used to perform
the gel separaiton. Although previous findings suggest
that separation dynamics should be affected primarily
by the concentration of individualized SWNTSs, and not
by total SWNT concentration, we explored this variation
through a control experiment whereby 10 columns of
separation were performed. SWNT concentration alone
was varied, and all other parameters such as SDS con-
centration, total SWNT content, and total per-column
SWNT/Sephacryl interaction time were held constant.
This control demonstrated that at initial SWNT concen-
trations of 0.25, 0.50, and 1.00 mg/mL the resultant
separated SWNTs did not vary significantly over 10
columns, as shown in Figure S12.

Using these three suspensions shown in Figure 5A
as starting materials, we performed a standard separa-
tion of 10 columns for each sample. Remarkably, there
is not significant variation in either the per-column
chirality distribution or total SWNT amount, Figure 5B.
However, we note that increased centrifugation (lower
initial baseline absorbance) yields eluted suspensions
that also show an overall lower baseline in the absor-
bance spectrum; that is, there is less carbon impurity as

METHODS

Preparation of Aqueous SWNT Suspension. In order to prepare the
SWNT solutions used in this work, we follow the gel-based
separation procedure previously described,®” modified from
the method published by Kataura and co-workers.?® Raw HiPco
SWNT (Unidym, lot: R1831) was first processed using the
organic—aqueous phase separation suggested by the manu-
facturer for the creation of solid SWNT material, which we
homogenize and grind with a mortar-and-pestle to create the
fine powder used as our starting SWNT material. The SWNT
powder is weighed (100 mg) and dispersed in 100 mL of
aqueous sodium dodecyl sulfate (Sigma 98%) solution at the
SDS concentration of interest (17—105 mM). This solution is
homogenized via bath sonication (Branson 2510) for 5 min and
placed into a temperature-controlled bath held at 5 °C and
sonicated using a Branson 1/2 in. tip sonicator (Branson Digital
Sonifier 250, Cole Parmer 04710-40 1/2 in. tip placed ~10 mm
from bottom of beaker and total per-tip use regulated to <100 h)
at 20 W for a duration ranging from 2 to 20 h, as specified.

Following ultrasonication, the sample contains individually
suspended SWNT, SWNT bundles, and other amorphous carbon
material.”’*® The presence of bundles is minimized via ultra-
centrifugation at 187000g (32 000 rpm, Beckman Coulter Opti-
ma L100 XP, SW 32 Ti rotor, Beckman 344058 40 mL tubes) for
15 min to 4 h, as specified. The top 90% of the supernatant is
used immediately as the initial sample for the primary pass
single-chirality semiconducting SWNT separation procedure
described below.

Primary Pass Single-Chirality Semiconducting SWNT Separation. The
procedure used to perform the separation of SWNTs very closely
follows the separation developed in our previous work.?” How-
ever, in this study we vary one of the following aspects of the
initial SWNT solution: sonication time, centrifugation time, or
SDS concentration. In each case 10 mL of the solution is passed
through 1.4 mL of Sephacryl 5200 gel (equilibrated to the same
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centrifugation time is increased. This is evident both in
the absorbance spectra of a selected common column
(column 5 is shown in Figure 5C) and through visual
inspection of the 10 column elutions, with sample color
becoming more distinct as the carbon impurity con-
tent decreases, Figure 5D. Although increased carbo-
naceous material does not appear to significantly
affect the resultant SWNT separation, its effect on
performance of devices constructed from purified
SWNTs remains unclear and is the subject of an on-
going investigation.

CONCLUSION

We have demonstrated the use of a quantitative
theory for the prediction of single-chirality SWNT gel
based separation. This description ultimately relates ex-
perimentally observed binding rate constants with a
chirality and SDS concentration-dependent surface charge
density associated with semiconducting SWNTs. Building
a molecular-scale mechanistic model for the gel-based
SWNT separation process affords a more complete under-
standing of the various factors that influence this process
and provides insight into the dynamic and important role
that surfactant morphology plays. This work develops
foundational theoretical principles toward the eventual
realization of industrial-scale, high-yield, high-purity,
single-chirality semiconducting SWNT separation.

SDS concentration as the SWNT solution) at a rate of 1 mL/min,
regulated by syringe-pump-controlled overpressure. Unabsorbed
solution is collected as the “flow through”, which is used as the
starting solution for the following iterative column. After washing
the Sephacryl with 4 mL of SDS solution equivalent in concentration
to the initial SWNT solution, adsorbed nanotubes are eluted and
collected by passing 175 mM SDS through the gel. Fresh Sephacryl
is loaded into a new column, and this process is iterated to yield the
specified number of “separation columns” referred to here.?”

Absorbance Spectroscopy and SWNT Distribution Analysis. Absor-
bance spectroscopy (Shimadzu UV-3101PC) is used to analyze
the chirality distribution of the separated SWNT samples pro-
duced by the gel separation method. The lowest-energy Eq;
absorbance peaks are fit using Lorentzian line shapes after
performing a manual background subtraction to minimize any
broad absorbance features that do not correlate with SWNT
absorption, Figure S1. The fitted peak heights are used to
determine the quantity of each SWNT chirality in the sample
using the per-carbon-atom absorbance cross section of the (6,5)
chirality,59 as absorbance cross section values for other SWNTs
have not been determined experimentally to date.

Binding Rate Constant Determination. The separation and quan-
tification procedures described above are iterated to yield
various chirality distributions for each iterative column under
specified separation conditions. We have previously shown that
this separation procedure behaves as a well-mixed batch
reactor, which can be described using second-order forward
adsorption kinetics.?” Specifically, a fixed number of Sephacryl
binding sites are assigned to each separation column, which
interacts with the separable semiconducting SWNT present in
the starting solution in a manner dictated by second-order
kinetics. A unique binding rate constant k,, ,, is determined for
each SWNT chirality, which is responsible for the overall separa-
tion order and relative yield of semiconducting SWNTSs per gel
column.?’#” Here, this model is used to determine the binding
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rate constant for each separable chirality under specified run
conditions in an identical manner to what was done previously
for standard separation conditions.?’
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